Abstract Nucleotide polymorphisms in a set of 32 nuclear genes were studied in 19 mountain, peatbog and lowland populations of Scots pine representing known phenotypic races and populations of presumably relict character for the species in Poland. At 29 genes, the pattern of genetic variation was compared to 11 reference populations from Northern, Western and Southern Europe. Similar levels of nucleotide polymorphism and excess of low-frequency mutations were observed in Polish populations (π tot =0.0055, D=−0.308) and as compared to the reference samples (π tot =0.0054, D= −0.170). Bayesian assignment and conventional frequencybased statistics indicate that Polish populations share the same genetic background at the analysed nuclear gene markers. However, the populations showed a much closer genetic relationship with North European samples than other regional groups of populations. Across the very uniform genetic background of the populations, we identified several genes with outlier patterns of haplotype, polymorphism frequency variation and departures from compound neutrality tests. Our data indicate that the Central and North European parts of the Scots pine distribution seem particularly suitable for association genetic studies to link phenotypic and genetic variation at a large geographical scale.
Introduction
During their evolution, plants have coped with environmental changes by migration and local adaptation to new environments. Polymorphisms at nuclear loci provide highly valuable insights into the evolutionary history of the species (Wright and Andolfatto 2008) . Different forces influence patterns of nucleotide variation including mutation, recombination and random genetic drift. Across a species' distribution range, natural selection at loci involved in adaptation can result in deviations at some regions observed, for instance, as a reduced diversity or difference in allele frequency spectra as compared to species background genetic variation Neale and Ingvarsson 2008; Achaz 2009 ). Historical processes related to population size changes and range shifts are also known to drive deviations from neutrality that may mimic the effect of selection. However, as demographic processes influence genome-wide patterns of genetic variation, effects of selection can be detected at individual loci as outlier patterns of nucleotide variation. This is particularly expected of highly outcrossing, wind-pollinated forest tree species which experience the homogenizing effect of efficient gene flow on the pattern of genetic diversity across large geographical ranges.
Scots pine is the most widely distributed conifer in the world with a huge distribution range in Europe and Asia and is of high ecological and economic importance. The presentday distribution of this species and other plants in Europe has been largely shaped by recolonization from refugial Communicated by Y. Tsumura Electronic supplementary material The online version of this article (doi:10.1007/s11295-014-0739-8) contains supplementary material, which is available to authorized users.
W. Wachowiakpopulations after the last glacial maximum (25-18,000 years ago (ya)) (Petit et al. 2003) . So far, palynological and phylogeographic data indicate that Scots pine survived in Southern European peninsulas (Iberia, Italy and the Balkans) and probably in some parts of Eastern and Central Europe (Cheddadi et al. 2006; Blarquez et al. 2010; Willis and van Andel 2004) and only reached their most northerly limits around 9,000 ya. However, not all putative southern refugial populations participated in recolonization as suggested by studies of some mitochondrial DNA polymorphisms (Soranzo et al. 2000; Pyhäjärvi et al. 2008; Naydenov et al. 2007 ). Nucleotide sequence analysis at several nuclear loci also provided little evidence for the effects of recent (postglacial) population size changes during migration and suggested bottlenecks in the mid-to-late Pleistocene ). Nucleotide variation in Scottish populations was not compatible with a simple recolonization model (Wachowiak et al. 2010 ), and some evidence for possible northern refugia has been suggested by ancient DNA studies (Parducci et al. 2012) . Regardless of migration trajectories, postglacial expansion of the species was accompanied by adaptation to local environments as evident from quantitative genetic studies in Scots pine that showed large variation of morphological (growth dynamics, wood quality), physiological and growth traits and stress response across the environmental gradient related to photoperiod and temperature (Salmela et al. 2013; Hurme et al. 1997) . This phenotypic differentiation is accompanied by relatively low variation in neutral markers, e.g. between Finnish populations (Karhu et al. 1996) , between Scandinavian and eastern parts of the range (Wang et al. 1991) and at several genes among populations along a latitudinal cline in continental Europe (Dvornyk et al. 2002; Garcia-Gil et al. 2003) . However, considering the low resolution of the markers developed so far, the species population history in Europe is far from fully described. The same is true for our understanding of the genetic basis of phenotypic and adaptive variation, where evidence for selection has so far been found in only several gene fragments (Wachowiak et al. 2009; Kujala and Savolainen 2012) .
In Poland, Scots pine is the most important forest-forming tree species. In the lowlands, the proportion of pine in the forests is about 70 % (Boratyński 1993) . In the highlands, pine is used as an admixed and a pioneer crop or nurse species especially in fir forests and it constitutes about 24 % of the total forest area in Carpathian and Sudeten Mountains. Due to their high ecological and economic importance, populations of the species were extensively studied for their breeding value. Provenance trial experiments of Polish populations from different geographical locations showed high diversity in adaptive morphological and physiological traits, growth dynamics and stress resistance (Boratyński 1993; Giertych and Oleksyn 1992; Sabor 2006) . Based on morphological and growth performance traits, several local ecotypes of the species were distinguished across the distribution range (Boratyński 1993) . So far, genetic studies of the species have applied some molecular and biochemical markers to estimate genetic variation within and among populations in relation to the mating systems (Burczyk et al. 2000) and natural hybridization in contact zones of the species with the taxa from the Pinus mugo complex (Wachowiak and Prus-Głowacki 2008) . More recently, a single population from Poland was included in studies that used nucleotide polymorphism to test historical demographic scenarios ) and selection at candidate genes (Wachowiak et al. 2009; Kujala and Savolainen 2012) . Due to the poorly resolved recolonization history of the species, the origin of most Polish stands, including in particular the putatively relict mountain populations, is unknown. Furthermore, genetic relationships between presumed native populations and other parts of the European distribution and the influence of demographic and selection processes on patterns of differentiation have not been studied so far.
In this study, we looked at the genetic variation in populations of Scots pine from across Poland. We focused on putative native populations and used nucleotide sequence variation from multiple loci to analyse them in reference to populations from Northern, Western and Southern Europe. We aimed to assess whether Polish populations showed patterns of genetic differentiation locally or relative to other European samples and whether selection was evident.
Material and methods

Study locations and DNA extraction
Seeds of Scots pine were sampled in 19 natural populations of the species in Poland and 11 reference populations of the species in Europe (Fig. 1, Table 1 ). Sampling of Polish populations was focused on most likely native stands represented by samples of known relict character including many mountain and peatbog locations from national parks and natural reserves. Although much effort was made to choose natural stands, the non-native origin of some western lowland populations of the species cannot be completely ruled out. A century ago, those territories were under German forest management and the use of non-local seed stocks is possible (Krakau et al. 2013) . However, there are no available DNA markers that would allow precise verification of the Scots pine populations in reference to their recolonization routes and postglacial origin (Naydenov et al. 2007; Pyhäjärvi et al. 2008) . Reference populations of the species included stands from Northern Europe, Scotland and Spain. In total, 297 samples were analysed, comprising ten different trees from most locations (Tables 2 and 3 ). Genomic DNA was extracted from megagametophytes (maternally derived haploid tissue surrounding the embryo, which in gymnosperms has the same genotype as the egg cell) from germinated seeds using DNeasy Plant Mini Kit (Qiagen).
A total of 32 gene fragments including loci related to cellular metabolism, transport, signal transduction and transcription regulation were used for sequencing (Supplementary Table S1 ). PCR amplification was performed with Thermo MBS thermal cyclers and carried out in a total volume of 15 μl containing about 15 ng of haploid template DNA, 10 μM of each dNTP, 0.2 μM each of forward and reverse primers, 0.15 U Taq DNA polymerase, 1× BSA, 1.5 μM of MgCl 2 and 1× PCR buffer (BioLabs). Standard amplification procedures were used with initial denaturation at 94°C for 3 min followed by 35 cycles with 30-s denaturation at 94°C, 30-s annealing at 60°C and 1.5-min extension at 72°C and a final 5-min extension at 72°C. PCR fragments were purified using ExoISap (exonuclease I, Shrimp Alkaline Phosphatase) enzymatic treatment. About 20 ng of PCR product was used as a template in 10-μl sequencing reactions with the BigDye Terminator DNA Sequencing Kit (Applied Biosystems, Carlsbad, CA, USA) performed by the Genomed (Warsaw, Poland) and the GenePool (Edinburgh, UK) sequencing service. Multilocus haplotypes were determined by direct sequencing of haploid DNA; samples were sequenced in one direction for each locus. As the rate of low-frequency mutations is comparable to other reports in conifers (see below), we believe that potential sequencing errors resulting from one direction sequencing are unlikely to bias the results. CodonCode Aligner software Fig. 1 Location of the studied Polish and reference Scots pine populations (Table 1) on the species distribution range in Europe (dark grey) ver. 3.7.1 (Codon Code Corporation, Dedham, MA, USA) was used for editing of the chromatograms, visual inspection of all polymorphic sites detected and alignment. Some insertion/deletions were manually adjusted across the samples using GenDoc. The haplotypes at each locus reported in this paper were submitted to the NCBI sequence database (Acc. Nr. KJ502673-KJ503230). Reference sequences from several species including Pinus pinaster, Pinus taeda, Pinus mugo and Pinus uliginosa were used for outgroup comparisons.
Nucleotide and haplotype polymorphisms
About 15 kbp of nuclear DNA sequence was aligned across genes. The pattern of nucleotide polymorphism was analysed in individual populations and regional groups from Poland and in comparison to three reference geographical locations from Northern Europe, Scotland and Spain. Nucleotide diversity was measured as the average number of nucleotide differences per site (π) between two sequences (Nei 1987 ).
Multilocus estimates of Watterson's (1975) population mutation parameter, theta (θ W , equal to 4N e μ, where N e is the effective population size and μ is the mutation rate per nucleotide site per generation), were computed based on the number of total and/or silent segregating sites and the length of each locus. The non-linear least squares estimate of ρ (ρ= 4N e c, where N e is the effective population size and c is the recombination rate) was fitted by the nls function implemented in R (www.r-project.org) based on the correlation coefficient r 2 (Hill and Robertson 1968) between polymorphic informative sites and the distance in base pairs (bp) between sites. The ratio of recombination to mutation rates (ρ/θ) was calculated to estimate the relative influence of those factors on patterns of diversity observed in geographical regions defined for the species. The number of haplotypes (N e ) and haplotype diversity (H d ) were computed for each gene using DnaSP v. 5. (Librado and Rozas 2009) . The number and frequency of unique and shared haplotypes in pairwise comparisons between species were calculated with Arlequin v. 3.5 (Excoffier n number of samples analysed per locus, L average length of the sequences in base pairs excluding indels, SNPs number of polymorphic sites detected, Sing number of singleton mutations, π nucleotide diversity (Nei 1987) , D multilocus Tajima's D statistics (Tajima 1989) , N number of haplotypes, N% percentage out of the total number of haplotypes identified across loci (percentage of unique haplotypes), H d haplotype diversity (standard deviation) *P<0.01 a Median multilocus θ for all sites calculated using Markov chain Monte Carlo (MCMC) simulation under a Bayesian model b 95 % credibility intervals for θ et al. 2005). Locus-by-locus estimates of net divergence between Scots pine geographical regions (Nei 1987) , the number of shared, exclusive and fixed polymorphic sites and haplotypes for each locus were determined using SITES 1.1 (www. bio.cst.temple.edu/~hey/program_files/Sites). Deviations from the frequency distribution spectrum expected under the standard neutral model of evolution were assessed using frequency spectrum test and coalescence-based approaches (Tajima 1989 ). The distribution of Tajima's D test statistics was investigated for each population and regional group. The significance of multilocus estimates of the test statistics was evaluated by comparison to a distribution generated by 1,000 coalescent simulations using the HKA program (www.bio.cst. temple.edu/~hey/program_files/HKA). Deviations of particular genes from site frequency distribution spectra expected under the standard neutral model of evolution were investigated using two compound neutrality tests, HEW and DHEW (Zeng et al. 2007) . Significance levels of these tests were determined by carrying out 10,000 coalescent simulations based on Watterson's estimator of theta as implemented in the dh package. Orthologous sequences from the outgroup species were used in the Hudson-Kreitman-Aguadé (HKA) test (Hudson et al. 1987) to look for overall departures from neutral expectations by assessing the level of multilocus polymorphism and divergence.
Population structure
Genetic differentiation was measured as Wright's fixation index (Weir and Cockerham 1984) , F ST , over all polymorphic sites and tested for significance by 1,000 permutations of the samples between populations and regional groups (Excoffier et al. 2005) . The hierarchical distribution of multilocus genetic variation among populations and regional groups was estimated using an analysis of molecular variance (AMOVA) in Arlequin v. 3.5. Clustering analysis was applied to look at the relationships between individual Polish populations, regional groups and reference geographical locations of the species using BAPS 6.0 software (Corander and Tang 2007) .
In the genetic mixture analysis, each locus was input separately as a FASTA file using the MLST format, and ten independent runs were conducted for each K (1-30) to estimate the number of clusters for all samples combined. The codon linkage model was used, the number of iterations used to estimate admixture coefficients and the number of reference individuals was set to 100 and the number of iterations used to estimate admixture coefficients for the reference individuals was 10. The number of populations was inferred as the combined maximum likelihood and the highest posterior probability estimates over all runs. To further assess amongpopulation differentiation, we used principal coordinates analysis (PCoA) based on the F ST matrix of pairwise comparisons between populations across all polymorphic sites.
Tests for outlier pattern of differentiation at the loci Genetic differentiation in pairwise comparisons between individual populations and geographical groups of the species was studied locus by locus at both haplotype and SNP levels. The significance of genetic differentiation at the loci was evaluated by 1,000 permutations of the samples between populations and regional groups using Arlequin v. 3.5 (Excoffier et al. 2005 ). Among population and group haplotypes, diversity was estimated by the nearest neighbour S nn statistics (Hudson et al. 1992; Lynch and Crease 1990) and tested for significance using 1,000 permutations, where samples were randomly assigned into different groups (Hudson 2000) . The full SNP dataset was used to test for loci under selection using the hierarchical analysis of Excoffier et al. (2010) 
Results
Genetic variation in Polish populations
From the 32 genes studied in 19 Polish populations,~15 kbp was aligned across the loci providing a set of 606 polymorphic sites. Very similar average nucleotide diversity (π) was found in the populations with total π tot =~0.0051-0.0060 and average π tot =0.0055 (Table 2) . No significant difference between populations was found for multilocus nucleotide diversity, which ranged between θ tot =0.0052 and θ tot =0.0073 (average θ tot =0.0058) ( Table 2 ). The regional groups of Polish populations showed very similar diversity to the reference populations with π sil =~0.0083-0.0068 and θ silt =0.0053 to θ silt = 0.0068 (Table 3 , Supplementary Fig. S1 ). No divergence was observed between Polish regional groups of Scots pine (Supplementary Table S2 ). Net divergence was marginal for Polish and Northern European populations (0.0001), and it was lower as compared to Scottish and Spanish groups (0.0002-0.0005; Supplementary Table S2) . Between 63-77 % of all SNPs detected were shared in pairwise comparisons between the 19 Polish populations. There was a large and similar proportion of the polymorphic sites shared across the regional groups of populations in Poland (68-77 %) and as compared to the reference populations (61-73 %) (Supplementary Table S3 ). Polish populations shared a slightly higher proportion of SNPs with Northern European samples. As for individual SNPs, each of the Polish populations and regional groups of Scots pine had similar proportions of shared haplotypes out of the total number detected (~21-26 % and 41-52 %), except the Spanish group (~25 %). Unique haplotypes were found in each Polish population and regional groups of the species (Tables 2 and 3 (Tables 2 and 3 ). Relative to neutral expectations, an overall excess of singleton mutations was detected, as indicated by significantly negative multilocus Tajima's D in most Polish groups and North European samples (D=−0.415 to −0.772; P<0.05) ( Table 3 ). Both compound neutrality tests provided evidence for selection at six loci including Pr1_5, Pr1_46, PhytP, Pr4_12, Pr4_19 and Pr4_6. Overall, a positive correlation between intraspecific polymorphism and interspecific divergence at the loci was found in pairwise comparisons between each regional group and outgroup species in a multilocus HKA test.
The decay of linkage disequilibrium between pairs of parsimony informative sites at 32 loci in Pinus sylvestris from five regions in Poland was rapid with the expected r 2 values of 0.2-0.4 at a distance of about~200 bp ( Supplementary  Fig. S2 ). The decay of linkage disequilibrium (LD) in western Polish populations (ρ=0.0122±0.0013, r 2 =0.2 at~200 bp) was slightly more rapid as compared to other locations. In reference populations, the slowest decay of LD was observed in P. sylvestris from Spain (ρ=0.0007±0.0004) as compared to other regions (Table 3 , Supplementary Fig. S2 ). Correspondingly, the absolute values of the recombination to diversity ratio were highest (ρ/θ>1) for Polish populations from southern and western parts of the country, similar for other Polish populations and Scotland and slightly lower (ρ/θ<0.1) for populations from Northern Europe and Spain.
Population structure and differentiation
The close genetic similarity between Polish populations was evident in the clustering analysis using BAPS software, which suggested the presence of one genetic cluster. Similarly, only one cluster was found when Polish populations were analysed together with reference Scots pine samples. A greater similarity between Polish and North European populations as compared to other reference samples from Scotland and Spain was found in the principal coordinates analysis (Fig. 2) . At all polymorphic sites combined, differentiation between Polish populations was found only between Hajnόwka and Gubin populations (F ST =0.07, P<0.01). No significant differentiation measured as average F ST across all polymorphic sites was found between any of the Polish geographical regions (Table 4) . Polish populations were also not differentiated from Northern European samples (except only the south-western region with low but significant F ST =0.018, P<0.05). In contrast, all regional Polish populations showed significant differentiation as compared to Scottish and Spanish populations (F ST =0.032-0.086, P<0.05) ( Table 4) . In a hierarchical AMOVA of Polish Scots pine samples, 98.6 and 99.9 % of differentiation were found within individual populations and regional groups, respectively (Supplementary Table S4 ). As compared to the reference samples, most variation was found within populations ranging from 91.7 to 98 % for Polish vs. Spanish and Northern Europe samples, respectively (Supplementary Table S4 ).
Variation at individual loci and polymorphic sites
In contrast with the lack of population genetic structure, clear differentiation in pairwise comparisons between some Polish populations was found at several loci (Supplementary Table S5 ). The highest number of significant pairwise differentiations was found for three mountain populations (Tarnawa, Koryciska Wielkie and Szczeliniec) and single lowland population from Gubin. Differentiation in the allelic frequency spectra between regional groups of Polish populations was found only between southern vs. south-west and western populations and between northern and eastern populations (Supplementary Table S6 ). A consistent pattern of significant population differentiation based on haplotype structure, allelic frequency spectra and outlier polymorphisms was found at the Pr 4_6 locus (Nucleus Dicer) (Supplementary Table S7 ). This locus showed also departures from neutrality based on compound neutrality tests.
Strong outlier patterns of variation for both haplotype structure and allelic frequency spectra (P<0.01) were found at six loci in pairwise comparisons between Polish populations and reference samples (Table 5 ). These genes are involved in plant metabolism (alpha-N-acetylglucosaminidase, DEAD-box ATP-dependent RNA helicase), signal transduction (U-box domain-containing protein, transducin/WD40 domain-containing protein, phytochrome) and expression regulation (putative auxin-induced transcription factor). Four of the loci also showed departures from neutrality based on compound neutrality tests (Supplementary Table S7 ). At PhytP, Polish populations lack 11-bp deletion and two associated SNPs present in all other reference populations of the species.
Despite shared genetic background between Polish and North European samples, we identified 11 outlier SNPs across four loci (Pr1_4, Pr11_4, Pr27_4, PhytP), for which frequency significantly differed between regions (Supplementary  Table S8 ). Using the outlier detection approach, 35 SNPs were identified in 13 genes in Polish vs. Scottish groups and 23 SNPs in 11 genes in Polish vs. Spanish populations (Supplementary Table S9 ). Most (74 %) of the total of 49 outlier SNPs detected were unique to corresponding group comparisons. These loci represent genes from all categories including 
Discussion
Nucleotide polymorphisms and population structure
In this study, we sampled populations of Scots pine from a wide distribution range across Europe, with a focus on native Polish populations derived from contrasting mountain, peatbog and lowland environments likely to force adaptive responses. We studied nucleotide polymorphism at a set of nuclear loci to investigate patterns of genetic variation between Polish populations and in reference to samples from North, West and Southern Europe. Our data provide no evidence of any difference in the amounts of nucleotide diversity in Polish populations. Despite differences in geographical location and census size of the populations (small, relict mountain and peatbog populations vs. large lowland stands), they showed very similar levels of nucleotide polymorphism to those observed in other continental Scots pine populations Wachowiak et al. 2009 ). Similar high nucleotide and haplotype diversity levels were accompanied by a very similar genetic background, as shown by many shared polymorphic sites and alleles resulting in zero net divergence. Nucleotide polymorphism at the vast majority of the loci was therefore mostly due to neutral evolutionary processes and population history of the species as evident from the random distribution of nucleotide variation across populations and overall positive correlation between intraspecific polymorphism and divergence from the outgroup species. Genetic variation in Polish populations fitted expectations of recent population expansion, i.e. an excess of rare alleles and low-frequency mutations, presence of unique polymorphic sites in a similar proportion in every population and equally high nucleotide diversity across different locations. Such genetic similarity suggests common population history accompanied by efficient gene flow. Overall, we observed very low genetic variation with no evidence of any outlier Polish population of significant difference in haplotype or SNP frequency spectra across many genes. This pattern of genetic similarity is different to what was observed at a much smaller geographical scale in Scottish populations, which showed high among-population heterogeneity at many individual nuclear gene loci due to high spatial environmental heterogeneity and likely admixture of populations of different postglacial history (Wachowiak et al. 2013b) . The high similarity between Polish populations follows the pattern expected for large continuous populations exposed to consistent high gene flow between populations. This pattern also supports previous observations of generally low genetic variation at neutral markers between populations from the continuous range (Wachowiak et al. 2009 ). The environmental heterogeneity among the Polish stands (mountain, peatbog and lowland populations) does not seem to have any effect on the level of genetic diversity within populations. Within the scope of this dataset, we can conclude that the populations share the same postglacial history.
In reference to the other European samples studied, we observed no heterogeneity in the pattern of nucleotide diversity among Polish and North European populations. Considering the very close genetic relationship between these regions, it seems likely that these parts of the species distribution have experienced similar demographic history. More differentiated were the other two parts of the Scots pine distribution as evident from an overall significant difference in allelic frequency spectra and higher divergence as compared to the northern group. In the case of populations from the northwestern part of the distribution, previous work using candidate nuclear genes has indicated high diversity in Scottish populations and patterns of allelic frequency incompatible with a simple colonization and expansion model (Wachowiak et al. 2010) . Some distinct characters have been observed in Spanish populations, for instance at mtDNA fragments and some isozyme loci, which suggests that they have been isolated and contributed little to the recolonization of the rest of Europe (Soranzo et al. 2000; Prus-Glowacki et al. 2012) . Our data provide additional evidence of the distinct character of both of these groups. However, assuming that their population history is different (predating at least partially the last glacial period of >100,000 years), we still observed that the vast majority of genetic diversity was common across populations, with many shared SNPs and haplotypes. Consequently, we found no overall differentiation across populations in clustering analysis at all nuclear gene loci. This lack of large-scale population structure at nuclear loci is supported by recent comparative sequencing studies of nuclear genes of Scots pine and its close relatives from P. mugo complex that showed a very similar genetic background across species with many shared polymorphisms between species that diverged up to~5 mya (Wachowiak et al. 2011; Wachowiak et al. 2013a ). Therefore, it seems that life history characteristics of pine trees, such as longevity and overlapping generations in large populations, slow down fixation of new mutations and divergence at evolutionarily neutral loci (Austerlitz et al. 2000; Excoffier 2004; Ray et al. 2003) . Despite Scots pine's substantial range expansion and population size fluctuation across Europe during the last~20 ky, simulation studies based on nucleotide sequence variation at several nuclear gene loci suggest that patterns of nucleotide polymorphism at a set of nuclear genes could be best explained by an ancient (>1 mya) bottleneck Kujala and Savolainen 2012) . Our sequencing data supports the observation that the large population sizes of forest trees and their capability for maintenance of high levels of genetic variation within populations are likely to buffer against rapid changes in genetic diversity across the species distribution due to population size and range shifts.
Effects of natural selection
Across the species distribution range and environmental gradients, local adaptation is seen as a balance between diversifying selection and gene flow ). At mutation-drift equilibrium, genetic drift and gene flow influence the level of differentiation between populations for selectively neutral markers Kawecki and Ebert 2004) . Considering the homogenizing effect of gene flow on patterns of nucleotide diversity, evident as low differentiation between populations in our dataset, the outlier pattern of differentiation at some loci may indicate the influence of selection. In our study, we included loci related to the regulation of gene expression, signal transduction and stress response, all of which may potentially be important in local adaptation across environmental gradients. Against the very uniform genetic background of the Polish populations, strong evidence for selection was found at one regulatory locus (Pr4_6). This locus also showed deviations in compound neutrality tests that have high specificity for detecting positive selection and are robust against demographic processes (such as population size changes) and other non-equilibrium forces that may cause deviations in the patterns of nucleotide polymorphism (Zeng et al. 2007) . A few other loci were found to deviate from neutrality based on haplotype structure or allelic frequency spectra between Polish and reference Scots pine populations including alpha-N-acetylglucosaminidase, DEAD-box ATP-dependent RNA helicase, U-box domaincontaining protein, transducin/WD40 domain-containing protein, phytochrome and auxin-induced transcription factor. Comparing the lack of differentiation between geographical regions at the majority of the loci in our dataset with the known high divergence at quantitative traits for characters of adaptive importance, it is possible that the difference in the frequency and distribution of polymorphism, which is accompanied in some cases by deviation from neutrality in coalescence simulations tests, may be due to diversifying selection across the species range. The genes showing deviations from neutrality are involved in regulation of gene expression, signal transduction and cellular metabolism and appear to be important in local adaptation. Interestingly, Polish populations were fixed for an 11-bp deletion and associated SNPs at PhytP that was segregating in reference populations. This result may potentially reflect some sampling bias, or the polymorphisms could be associated with the population differentiation in some adaptive traits driven by photoperiod. Previous studies of other Scots pine phytochromes did not link variation at the loci with latitudinal clines in the species phenology; however, association of polymorphisms in the phytochrome locus PhyB2 was found to correlate with clinal variation in the timing of growth in Populus (Ingvarsson et al. 2006) . So far, attempts to detect loci under selection in Scots pine have identified a set of a few candidate genes including dehydrin (Wachowiak et al. 2009 ) and ft/tfl1-like and pseudo-response regulator 1 genes (Kujala and Savolainen 2012) . The capability to detect selection at individual loci is heavily dependent on the strength and time since selection and the number of loci involved in screening (Wright and Gaut 2005) . Although quantitative trait studies provide ample evidence of adaptive phenotypic differentiation across the Scots pine range in phenology, resistance to stress factors, growth and wood quality (Boratyński 1993; Giertych and Oleksyn 1992; Sabor 2006; Hurme et al. 1997; , the genetic basis of that variation remains unknown. Some quantitative trait studies have indicated that genomic regions of large phenotypic effect may exist in forest tree species (Kinloch et al. 1970; Howe et al. 2003) . However, there is growing evidence from most recent association genetic studies that the majority of quantitative traits in trees are controlled by many genes with small individual effects (Eckert et al. 2009; González-Martinez et al. 2007; Neale and Kremer 2011) . Therefore, the signature of selection may be more readily detectable as covariance of allele frequencies at multiple loci (Latta 2004; Le Corre and Kremer 2003; Derory et al. 2010) . Considering the high recombination rate in conifers and the fact that only a small proportion of the genome has so far been tested for selection, the question remains as to whether there are genes of major effect underlying some adaptive traits in these species. Considering the low divergence between populations observed in our study, it seems likely that adaptive divergence in recently colonized areas results from selection acting on standing genetic variation segregating in natural populations.
Conclusions
Our study has shown the very high genetic similarity between Polish populations of Scots pine across mountain, peatbog and lowland locations. Polymorphism at the set of nuclear genes we focussed on indicated that they most likely share a common postglacial history with Northern European Scots pine populations, distinct from the more isolated North-West and South European distribution range of the species. Several genes with outlier patterns of differentiation suggest the role of diversifying selection acting across environmental gradients. Considering that the North and Central continental range spans very steep environmental gradients related to latitudinal differences in photoperiod and temperature, this part of Scots pine distribution seems particularly suitable for association genetic studies to link phenotypic and genetic variation at a large geographical scale.
